Two new butanolides, subamolide D (1) and subamolide E (2), and a new secobutanolide, secosubamolide A (3), along with 21 known compounds were isolated from the leaves of Cinnamomum subavenium. The structures of 1-3 were determined by spectroscopic analysis. Propidium iodide staining and cytometry analysis were used to evaluate the cell cycle progression of the treated SW480 cells and it was found that 1 and 2 caused DNA damage in a dose-and time-dependent manner.
Cinnamomum subavenium MIQ. (Lauraceae) is a mediumsized evergreen tree, found in central to southern mainland China, Burma, Cambodia, Taiwan, Malaysia, and Indonesia.
1) The chemical constituents and the biological activity of the leaves of this plant have not yet been reported. Recently, we reported three new butanolides, subamolides A-C, a new secobutanolide, secosubamolide, along with 17 known compounds from the stems of C. subavenium. 2, 3) We also reported the structural elucidation of the newly isolated butanolides and secobutanolide as well as their effects on DNA damage on a human colorectal cancer cell line, SW480. 2, 3) In continuation of a program studying chemotaxonomy and biologically active components from Formosan Lauraceous plants, [2] [3] [4] [5] [6] [7] [8] [9] two new butanolides, namely, subamolide D [(4R,3Z)-4-hydroxy-5-methylene-3-undecylidenedihydrofuran-2-one] (1), and subamolide E [(4R,3E)-4-hydroxy-5-methylene-3-undecylidenedihydrofuran-2-one] (2), and a new secobutanolide, secosubamolide A {methyl[(2E)-2-[(1S)-1-hydroxy-2-oxopropyl]-octadec-2-enoate]} (3), were isolated. Also confirmed were 21 known compounds, including the butanolides linderanolide B 8) and isolinderanolide B 10) ; one ionone, (ϩ)-abscisic acid 11) ; one sesquiterpenoid, caryophyllene oxide 12) ; one triterpenoid, squalene 13) ; six benzenoids, vanillin, 14) vanillic acid, 14) p-hydroxybenzoic acid, 14) p-hydroxybenzaldehyde, 14) syringic acid, 14) and eugenol 15) ; two polyprenols, ficaprenol-10, 16) and ficaprenol-11 16) ; two chlorophylls, pheophytin-a, 17) and aristophyll-C 18) ; four steroids, b-sitosterol, 19) stigmasterol, 19) b-sitosteryl-D-glucoside, 20) and stigmasteryl-D-glucoside 20) ; two aliphatic compounds, palmitic acid 21) and stearic acid 22) were isolated from the leaves of C. subanenium by MeOH extraction. In this paper, we report the structural elucidation of 1-3 and explore the cytotoxic effect of 1 and 2 on human colon cancer cells.
Subamolide D was isolated as a pale yellowish liquid. Its molecular formula, C 16 H 26 O 3 , was established by HR-FAB-MS. The UV absorption at 228 nm was similar to that of linderanolide B, 10) indicating the presence of b-hydroxy-gmethylene-a,b-unsaturated g-lactone.
23) The IR spectrum showed absorption bands for a hydroxy group at 3450 cm
Ϫ1
, and an a,b-unsaturated g-lactone moiety at 1770 and 1680 cm
. The 1 H-NMR spectrum of 1 was similar to that of linderanolide B, 10) indicating that 1 has the same b-hy- 4) This cis geometry was confirmed in the NOESY spectrum, which showed cross-peaks between H-4 and H-1Ј. The configuration at C-4 in 1 was determined as 4R on the basis of the correlations between the [a] D value [ϩ44.3°(cϭ0.55, CHCl 3 )] and the configuration at C-4 for 3-alkylidene-4-hydroxyl-5-methylenebutanolide derivatives. 24, 25) Thus, the structure of subamolide D was represented as 1 and elucidated as (4R,3Z)-4-hydroxy-5-methylene-3-undecylidenedihydrofuran-2-one.
Subamolide E, a pale yellowish liquid, also had the molecular formula C 16 H-NMR spectrum of 2 was similar to that of isolinderanolide B, 10) indicating that 2 has the same b-hydroxy-g-methylene-a,b-unsaturated g-lactone skeleton and the same E geometry of the trisubstituted double bond [ 29, 2007 ascribed to the effect of the carbonyl group of a lactone ring. The position of these groups was established from the HMBC spectrum. Its trans geometry was also confirmed in the NOESY spectrum, which showed cross-peaks between H-4/H-2Ј. The stereochemistry of C-4 of 2 was similar to that of subamolide D (1). 24, 25) Thus, the structure of 2 was elucidated as (4R,3E)-4-hydroxy-5-methylene-3-undecylidenedihydrofuran-2-one. The 1 H-and 13 C-NMR data of 2 were assigned by comparison with the data of 1 (Table 1) .
Secosubamolide A (3), a faint yellowish liquid, also had a molecular formula, C 22 H 40 O 4 , as deduced from HR-FAB-MS. The UV absorption at 215 nm was similar to that of secokotomolide A, [3] [4] [5] indicating the presence of a secobutanolide skeleton. [3] [4] [5] The IR spectrum of 3 showed characteristic absorption bands due to the presence of hydroxyl (3450 cm 
Different natural products such as resveratrol, curcumin and diallyl trisulfide have been studied and were found to induce apoptosis in malignant cells. 26, 27) To elucidate the cyto-Vol. 56, No. 1 Chart 1 toxic mechanism of subamolides (1, 2), the capacity of 1 and 2 to inhibit cell cycle phase distribution was analyzed by flow cytometry. 28, 29) The representative result depicting the effect of subamolides (1, 2) treatment for 24 h on cell cycle progression in SW480 cells is shown in Fig. 1 . The marked increase in sub-G1 apoptotic fraction appeared in cells treated with 25-100 mM 1 or 2 in a concentration-dependent manner. Additionally, incubation with 25, 50 and 75 mM 1 for 24 h resulted in the accumulation of cells in G2/M phase (25.4, 29.8, 23 .0%, respectively) compared with that in control (15.4%) (Fig. 2A) . Flow cytometric analysis was also examined under 2 treatment and similar results were obtained (Fig. 2B) .
Subsequently, the time-dependent effect of both subamolides were evaluated in the human colorectal cancer cell line. As shown in Fig. 3 , untreated cells expressed less than 2.2% of SubG 1 . DNA damage did not significantly increase by treatment with 100 mM of 1 or 2 within 4 h, and the SubG 1 expression was less than 10%. When cells were treated with 100 mM 1 or 2, Ͼ25%, Ͼ78%, and Ͼ85% sub-G1 fraction was noted for treated cells after 8 h, 16 h, and 24 h exposure, respectively. From Fig. 4, 1 and 2 caused DNA damage in a dose-and time-dependent manner. This study is the first to investigate the effect of 1 and 2 on cell cycle phase distribution in human colorectal cancer cells.
Experimental
Melting points were determined using a Yanagimoto micro-melting point apparatus and are uncorrected. Optical rotations were measured with a JASCO DIP-370 digital polarimeter. UV spectra were obtained in MeCN using a JASCO V-530 spectrophotometer. The IR spectra were measured on a Hitachi 260-30 spectrophotometer. 1 H (400 MHz, using CDCl 3 as solvent for measurement), 13 C (100 MHz), DEPT, HETCOR, COSY, NOESY, and HMBC NMR spectra were obtained on a Unity Plus Varian NMR spectrometer. LR-FAB-MS and LR-EI-MS were obtained with a JEOL JMS-SX/SX 102A mass spectrometer or a Quattro GC-MS spectrometer with a direct inlet system. HR-FAB-MS and HR-EI-MS were measured on a JEOL JMS-HX 110 mass spectrometer. Silica gel 60 (Merck, 230-400 mesh) was used for column chromatography. Precoated silica gel plates (Merck, Kieselgel 60 F-254, 0.20 mm) were used for analytical TLC, and precoated silica gel plates (Merck, Kieselgel 60 F-254, 0.50 mm) were used for preparative TLC. Spots were detected by spraying with 50% H 2 SO 4 and then heating on a hot plate. Flow cytometry analysis was performed using a Becton-Dickinson FACS-Calibur flow cytometer. The DNA labeling dye, propidium iodide (PI), was used to determine DNA damage and the cell cycle progression. 28, 29) Data is presented as meansϮstandard deviation (S.D.) and analyzed using one-way ANOVA with Scheffe's test. A p value of less than 0.05 was considered as statistically significant.
Plant Material The leaves of C. subavenium were collected from Wulai Hsiang, Taipei 1-1-1-5 ). Fraction 1-1 (7.02 g) was subjected to further silica gel chromatography, eluting with n-hexane-EtOAc (100 : 1) and enriched gradually with EtOAc, to obtain three fractions (1-1-1-1-1-3) . Fraction 1-1-1 (2.41 g) was further purified by passage over another silica gel column using n-hexane/EtOAc mixtures to obtain stearic acid (42 mg), palmitic acid (57 mg), squalene (23 mg), aristophyll-C (25 mg), and pheophytin-a (10 mg). Fraction 1-1-2 (1.64 g), eluted with n-hexane-EtOAc (30 : 1), was further separated using silica gel column chromatography and preparative TLC (n-hexane-EtOAc (30 : 1) and gave linderanolide B (32 mg) and isolinderanolide B (45 mg). Fraction 1-1-3 (1.11 g ) was subjected to silica gel column chromatography and purified by preparative TLC (thin layer chromatography) to yield p-hydroxybenzoic acid (15 mg), p-hydroxybenzaldehyde (19 mg), syringic acid (4 mg), vanillin (12 mg), and vanillic acid (19 mg). Fraction 1-2 (3.02 g) was subjected to silica gel chromatography, eluted with n-hexane-EtOAc (50 : 1) and enriched gradually with EtOAc, to obtain three fractions (1-2-1-1-2-3) . Fraction 1-2-2 (2.26 g), eluted with nhexane-EtOAc (40 : 1), was further separated using silica gel column chromatography and preparative TLC (n-hexane-EtOAc (30 : 1) and gave submolide D (1) (34 mg), submolide E (2) (51 mg) and secosubamolide A (3) (12 mg). Part of fraction 2 (8.11 g) was subjected to silica gel chromatography by eluting with n-hexane-EtOAc (10 : 1), then enriched gradually with EtOAc to furnish five fractions (2-1-2-5). Fraction 2-1 (2.02 g) was subjected to silica gel chromatography, eluting with CHCl 3 -MeOH (100 : 1), and enriched gradually with MeOH, to obtain five fractions (2-1-1-2-1-5). Fractions 2-1-1 (0.31 g) and 2-1-2 (0.24 g) were subjected to further silica gel column chromatography and purified by preparative TLC (thin layer chromatography) to yield eugenol (24 mg), and a mixture of ficaprenol-10 and ficaprenol-11 (48 mg). Fraction 2-4 (1.21 g) was subjected to silica gel chromatography, eluting with n-hexane-EtOAc (40 : 1), and enriched gradually with EtOAc to obtain five fractions (2-4-1-2-4-5). Fraction 2-4-3 (1.31 g), eluted with n-hexane-EtOAc (10 : 1), was further separated using silica gel column chromatography and preparative TLC (n-hexane-EtOAc (20 : 1) and gave caryophyllene (57 mg). Fraction 2-5 (6.03 g, nhexane-EtOAc (10 : 1) was purified by passage over a silica gel column (400 g, 230-400 mesh), using CHCl 3 /MeOH, to obtain a mixture of b-sitosterol and stigmasterol (1.34 g). Part of fraction 3 (7.21 g) was subjected to silica gel chromatography by eluting with n-hexane-EtOAc (1 : 1) and enriched gradually with EtOAc, to furnish five fractions (3-1-3-5). Part of fraction 4 (2.42 g) was subjected to silica gel chromatography by eluting with n-hexane-EtOAc (1) Cell Culture and Drug Treatment The human colon cancer cell line (SW480) was obtained from the American Type Culture Collection (Rockville, MD, U.S.A.). The SW480 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin G and 100 mg/ml streptomycin at 37°C in a 5% CO 2 humidified atmosphere. Stock solutions of 1 and 2 (100 mM) were dissolved in DMSO and various concentrations were prepared in DMEM basal medium with a final DMSO concentration of 0.1%.
Cell Cycle Analysis For determination of cell cycle progression, the cells were analyzed by flow cytometry. 28, 29) The colon cells were seeded at a density of 5ϫ10 5 per 60-mm tissue-culture dish. Culture medium was replenished when cells were 80% confluent. Monolayers were treated with various concentrations-of 1 and 2 for 24 h. At the end of treatment, adherent and floating cells were collected, washed twice with PBS, then fixed with PBS-methanol (1 : 2, volume/volume) solution, and stored at 4°C for at least 18 h. After centrifugation, cell pellets were stained with PBS containing 50 mg/ml propidium iodide (PI), and 50 mg/ml DNase-free RNaseA for 30 min at room temperature in the dark. The samples were analyzed in a Becton-Dickinson system of FACS-Calibur flow cytometer by using CellQuest software. The percentage of cell cycle phases (G 0 /G 1 , S, and G 2 /M) was quantified using a ModFit LT software (BD Biosciences).
